ACR Sept, 1942

joor ——
.

NATIONAL ADVlSORY COMMITTEE FOR AERONAUTICS )

"'M‘ﬂ /

’ . T/

WARTIME REPORT

ORIGINALLY ISSUED
September 1942 as
Advance Confidential Roport_

'AN INVESTIGATION OF HYDROFOILS IN THE NACA TARK
I — EFFECT OF DIHEDRAL AND DEPTH OF SUBMERSION
By James M. Benson and Noxrman S. Land

Langley Memorial Aeronautical laboratory
Langley _F.leld, Va.

A)?
1
1
t.
&

S e

pEalch S,

NS A NP

Ay Lo

A
sty > C

T-‘?’, p S Ty e

TR T e Ty T e

A3

 WASHINGTON

R R R ]

li’ NACA WARTIME REPORTS are reprints of papers originally issued to provide rapid-distribution of
advance research results to an authorized group requiring them for the war effort. They were pre-
viously held under a security status but are now unclassified. Some of these reports were not tech-
nically edited. All have been reproduced without change in order to expedite general distribution.

L~ 758




3 1176 01354 4102

_r

NATIONAL ADVISORY OOMMITTE® FOR AERRONAUTIOS

Anvgncxlooxiinnﬁmzam REPORT

. AN IKVISTIGATION or E!DROIOILB 1N THB ¥AOA' TANK
I - IITEGE OT DIE!DRAL AHD DBPTEH OI BUBH!BSION

By Jamai !. Benson and Iorman 8. Land

SUMMARY

- . .Efforte to .employ hydrofolls on seaplanes and surface

. boats have frequently been handicapped by the lack of in-

- -formation -on the characteristics of the hydrofoile when
near the surface of the water .or when breaking the surface.
In- the present teats a serles of hydrofolls, each supported
by two etruts, was towed at various depths ranging from
partial submersiona to a depth of 5 chord lengths. Hesults
are .presented .ehowlng the 1ift and dreg of hydrofolls hav-
ing ‘@ chord -of 5 1nchea 3an i\so 1nch83. and for
anglee .0f dihedrsl of. Q ,, and 30 The testa
included speegds up to 95 feet por second and 1ift- forces
up to about-2500 .pounds. The hydrofoils tested included
two sections, the NACA 16-509 alrfoll sectlon and .2 section
derived from the .16=509 by aharpening the leading edge.

, At depthg groater then 4. ar 6 chords the presence of
the free water surface appeared not to effect the 1ift and
drag. As the hydrofoll approached the surface, the lift
and drag decressed and the speed at which cavitation first
eppeared on, the, hydrofoil was 1ncreaaed. In the range of
very shballow immereions (less than, 'say, 1/2 chord) abrupt
changes 1n 1l1ft and drag occurred when the flow of water
over the upper surface separated from the hydrofoll. For

-, applications requiring that the hydrofoll emexrge from the
water, the larzer angles of dihedral (20° and 30°) appeared
desirable  because they produced leas abrupt ohangoﬂ in
1ift and draso- ) .

Two' maJpr effects of epeed were noted: first, a lim-
1tajion of the, total hydrofoll loading posasible (about 2200
1b/sg £t for. the depths tested) under conditions of com-
plete uppor-nuriace cavitation; and second, a loss of 1lift
at high espeeds and low angles of attack, probably due to
lower-surface cavitation.




INTRODUCTION -

‘fo-'date, thé use of hydrofoils on surfags eraft and
seaplanee has been mostly experimental. "Although some
of the - projectse-making use of hydrofoila may have_ contin-
ued for a considerable time, they eppéar to have achieved
no practical applications that are in service today. One
difficulty undoubtedly encountered in the efforts to make
use of hydrofolls has been the lack of avallable iInforma-
tion on theilr fundamental characteristics.

Tests have beon made at the NACA tank that anawered,
" in part, ‘this ‘nead for. preliminary information. The first
-'NACA ¥eport on hydrofoils (reference }) contained data on
-8lx gero~dihedrel hydrofoils of different ‘eections. Those
dabta gave 11ft and drag coefficients of eath sectlon as

- affected by  angle- of attack, .speed, and depth below the

sarface. Speeds at which cavitation first sppeared were
~also given.. .

The purpose of the tapta described herein-ie to aup-
~plement the information glyen in .the firaet report and to
"extend 1t to linclude the affgcts 9f dihedral, of partial
submersion, and.of sharpening the leadiag edie.- Data are
- presented to show.:the waffect. of theaa variestlee upon the
*1ift, the drag, and :the: qgvitation mpeei. The hydrofoils
with sharp leading edges were tested in the belief that,
at partlal submerslona, less spray and consequently less
drag might reault than from the NACA 16-506 section
hydrofoile. N - .

DESCRIPTION OF HYDROF¥OILS TRESTED

The HACA 16-509 ailrfoll section is one of a series
deaigned for use at high epeeds at whlch. it is advantagéous
to have a pressure distribution as nearly uniform as pos—-
alble. The section 1s designed to have optimum character-
letice at a 1ift coefficient of 0.5 and when used as a
hydrofoil. because ‘of its pressurs distrlbution., would be
expected to have about as high s cavitation speed. as 18
posslble for that particular value of the 1lift cqoefficlent.
The tests of reference 1l -showsd the NACA 16~509 sect’ion
would be of some advantage in melntaining satisfactory val-
uves of the lift-drag ratlo at speads well beyond those at
which cavitation on the more conventional airfoils would




‘cause & largd incredse in drag. Oonsequently it scemed

desirable "to employ this section in the preasent tests of

" hydrofoils with™dlhedral. Three hydrofoill oﬂ-thit sec-
,tion having dihedral angles of 10°, 30°, and 30° were

‘conatrudted. “Ih addition, three hydrofoils with.the same

-,dihadral ‘dngles but .with the section modifieéd to give a
"' sharp 1aad1ng edge wore conastructed. Sections-of these
_zhydrofoila. normal-to the chord plane, are shown in fig-
ure 1. ~The NACA 16-509 section hydrofoil with-sero di-

hedral, which was used in the-previous tosts, 'was ratested

. to form'a check between the  -two programs. « All theso ‘hy-

drofdils had tho éame projocted arca, that is, 30-inch

'ppan ‘énf 6-1inch’ chord. They wore roctanguldr in plan.form

with squarq tipé and were machined from hard braaa and
nighly: poliahod.

EBach hydrofoll wasa aupportod by two atruts. laoh
strut was spaced SJh inches from the center section of the
hydrofoil. The atruts are bicenvex in section, approxi-~
mately 28 inches long, end tapered toward the hydrofoil.

.At the point of attachment to the upper surface of the hy-

" /drofoll, the atruts have a chord of 2.9 inghes and a thick-~
‘ness of 3/8 inch; at-the top, the chord of the atrut is 4

1nchaa and the thickness is 3/4 inch.  The center line of
the' strut interaecte the upper surface at the half-chord

“point. With the atruts varticel, the angle of attack:of

the hydrofoil is ©°. - This arrengement (hydrofoil supported:

1'from 1ts upper surface by rather'large satrute) is-not ideal

“from  conaideratione of" poeaivle interforehce offocts. This

f arransomont. however, appears’ to be necessary in applica+

tiona ‘employing hydrofolls to 11£t a anrface boat or &

_aaapiana. _ . o

mpr:ne Ayraanmus S

A daaartption of the NAGA tank, towing carrtasaf and

“-the method of meaauring carrldga apeed 15 siven 1n refar-

ence 2. :

- The special dynamometer uséed in meéasuring.the 1lift

"and 4rfag forces is -shown diagrammatically in figure:2.

It 45 of massive consetruction, 'bacause of the large- forces
to be measured, and is supported by ‘the main-structural

‘ members of the carriasge. - This dynamometer eot-up 1is, in

senaral. the same as that used for ths earlisr tosts de~-
seribed in raferenco 1. - Obangds were made, however, that
improved the accuracy of setting the depth and angle of




attack, eliminaiing any change .in depth as the angle of
attack was shlifted. Improved ppring and daahpot units
were constructed aluo. ) P

The'asaembly of hydrofoil and supporting-atruts'il
.bolted to a rigid floating frame.in which there 18 provi~
Blon for contlnuoualy varying -the.angle .of attack and the
depth of the hydrofoll within a ‘wide range. . This floating
frame i8 suspended by linkagaa from twd Heavy .cantilever
springs,tho deflections -of. which are measured by -dtal .

. gages. Drag £Lorces are-balanced by n combinatlen .of -dead
woights and spring restreint, the.epring veing that of the
regular towing dynamometer as described in reference. 2.
Counterbalances are provided to minimize the effect of ver- -
tical and horigontal mccelerations. Gulde rollers restrain
the floatling frame againat side motion.

o . - .. PROGEDURE .

k The .force measpurements were made at constant dpeed,
-engle of attack, and depth of sudbmersionm. The renge of
speaede in most cases extended well. beyond the speed at
--whioh cavitation staerted.: At low anglews of. attack, the
* range- of speads extsnded -to-the maximum .conmesidered puacti-
.- cable with the. apparatus. - The depths ranged from 5 chords
- below ‘the surface (meaesured from.the qnarter-chord polnt

- of. tha center. esction) to partiml 'submersions with half or
. . more -0f the hydrofoll area -out of .the water. : As the angle

of attack was-'changed, the depth of the quantar-chord point
at the center section was held constant. There is then a
elight error in referring to the depths of tips as constant.
This error 1s less thau the ‘aystematic errors involved in
measuring the depth. The angle of attack was varied from
-40 to 120 for most of the tests but was varied over a
smaller range far teste at partial submereitons. The -speed
at which cavitatlon first appeared -on ‘the upver surface at
sach angle of attack was noted. .

The supporiling struts were towed alone &t .different
depths and the resuliing measurements of drag were sub-
tracted from the measnremente nf drag obtained with com-
Pletv -asaembliss of astruts. end .hydrofolls. . The 1lift
tares of the -struts.alone,. measured .in: the same manner,
proved to. be -neglligible for. all conditlions included 4in
. the, textw - The drag:.tares of .the struts (fig. 3) werw
deducted to facilitate use of. the data in designing
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The accuracy of the basic me&aurements is balieved to0.

be within the following 11mits: =

Bpeed, feot per second . . .
Cavitatlion apeed, percent. .

Depth of immersion (below free water aurfade)--’i

inches . ¢+ ¢ ¢« ¢ o o o
Angle of attack, degrees . .
Dra&. pqund.ﬂ - e - . . L] . o [

Lift, poundse . . « « « . & o

Ae the amount of cavitation 1ncreaaed.

. 0 L
N N =

. 20.3
.l. %

L} L] . . . [ ] L] . . [ [ N w

o, 0.2
. &0,1
.x1.0 bolow cevlitation gpeed

£5.0 with heavy cavitatlon
+£10.0 below cavitation speed
=20 0 with heavy cavitatkan

the accomnpany-

“1ag vibration ceused the force measurements -tbo ba .1 aB8

4

accurate.

R : nxmeIHENTAL:nméuLTs'

The ézperimental resplta of .teste of hydrofqila with
the NAOA 16-609 ‘section are pressnted a8 curves of 1li1ft and
drag coefficlents plotted agalnst sepeed 1n figures-4-t0 15.
Similar results obtainsd for the hydrofoils:with the modi-
Tled sectlon are not given in their entirety. but are die-

cussed later in this report.

Bach flgure showa the varis-

oo

v

u

tions of the coefficlents with change in speed for :cohstant
values of the angle of attack,K and a, constant depth.below

the undisturbed water surface-

- Tho+ loweast speeld at- which

cavitation was observed on the upper surface pof the hydro-

‘foll,

up used,

for & given angle ‘of- attack-
corredponding curve by a small arrow.

ds 1ndicated on, the
With the test .80t~

it was impracticable to determine the.Bpeed at

which cavitation oeccurred on the 1ower aurfaco.

s I: .\ -

Curves have.not beor falred through avery sot. qf pointn

-at constant angte of attaek

yith the hydrofoil pa:tiy - 8ph-

merged, because the grouping of points reprusantlng the’




various angles of attack 1¢ ‘ratheér close for some’ ‘cgtes of
partial .eubmersions’ mnd ‘the’ adcuraocy of the meapurement s
was not great enough to warrant expanding the ordinate
scales. - _ _ :

fl J hd
-

."-.:The observed forces are reduced %o éoefficienta anal-
ogous to the usual aorodynamie‘form:

L
psv"/

L

a -
Op drag coefficilent (3 ;)
whers

T 11ty ponnds

Cy 1ift coefficlent

D  drpg, pounds

'p " mase density of wator. 1. 968 slugs per cubdic foot
. . for 3hese tosts .

oy, -speed, feet per secand

. B . projected area of hydrofoil, 1042 éqnare féet.for
v these tests . )

The Reynolds number (B = p¥Vi/k) for any of the data
may be computed by -using the values

78 average absolute viscosity of tank water, 2,25 X 107®
lluga per fooat per leoona for these tests __

i charaotorintic length. or ohord. of hydrofoil.
D 0.417 foot i
'R = 86,600 V

The follnwing additional aymbola dre used:

d, gqometric angle of attack of hydrofoil measure¢ bo—
’ twesn chord line at oantar uection and free water
Iurface . ) - . o, .

'c chord of hydrofoil

Ve fspged at which cavitatlon was first obssrved on the
upper surface. feet per aecond i : . 175
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*‘The -’ effaet ‘of depth on lift coefficient for. the NACA
-16-509 eectien l1e' shown in figure 16 for angles of:attack
of 09, 29, 49 and 6° and dihedral anglas of 09, 100, 2300,
and 30° This figure prescnte curves fairoed through
points takoen from the 'faired curvos of figuros 4 to 15.
Points are also shown ropresenting the fairad datae for‘tho
:eotion having a asharp leading -edge.

The flow of water over a hydrofoll at deptha.greater
than 4 or 5 chorde is apparently not influenced Dby thae
surface of the water, and conditions similar to those for
an airfoil prevail. ' B

At leaser devthe (for example, 1/2 to 4 or 6 chords),
the influence of the surface of the water 1s evident from
the decremse in 1lift and the increase in cavitation speeda.
Ads the hydrofoil, while moving with a constant forward ve-
locity, approaches the surface, there 1as & reduction in
the masa of water flowing above the hydrofoil. This change
causes a reduction in the absolute value of the negative
vressures on the upper surface of the hydrofoil and results
in a reduction in 1lift. The reduction in ths abaoluts. val-
us of the negative pressure roquires that, for cavitation
to. appear, the speed muat be greater for the lesser depth.
(8ee fig. 17.) The method of computing cavitatlion spaseds
g€iven in reference 1 makes no mllowance for this effect.
of decreasing depth.

: At very shallow depthe (about 1/2 chord), a more or
‘Yess sudden breakdown of the flow over tho uppor surface
"‘ogccurs. JYor the NAOCA 16-509, or the modified sharp=nosoe,
‘asction at an angle of attack above 4%, the breakdown of
‘flow occurs near the leading edge, the water separating
almost completely from the upper surface, leaving nearly
the whole chord ventilated. At low angles of attack, the
breekdown of flow is less sudden and occurs at a lesser
depth. The broakdown of flow may ogcur incompletely and
unsymmetrically spanwise, its spanwisge extent apparently
‘depending on the angle of diledral "and on thes roughness

of the surfmce of the water. Elther smooth flow or sepa-
rated flow over the upper surface may occur &t & given op-
erating condition, and ‘alternation between the two types
-of flow may oacur. (8See figs. 6, 9, 13, and 14.) VWhen




soparation of the flowm frnpm - the upper surface is definitely
ostabllahed, the changes of '11f¢ and drag with change in
angle of attack ars, very small: in comparison with the
changes that occur when the flow 18 smooth over the upp et
surface. (See fig. 18.) When the hydrofoil approaches
tha  free surface, the use of low angles of attack appears
dﬂsirabla in order to reduoe the severlty Qf the transi-
¥ N tion to planing. ; ) s
thal proJecfad areas were. used in computiné the. coef-
ficients to -faclilitate use of the .data in design. .. The
abrupt change in the slope of the curves (fig.- 16) as the
tips emerge therefore represents an abrupt change in total
. .- 11ft and not necessarily an abrupt change in section char-
' qqteriaticsg Tigure 16(c) -shows one plot .of coefficients
basei on prodected area .of the subnerged portion of the
hydrofoil. \

G, CQmparison of Tank and Iind-Tunnel Toutq
.y Iigure 19 shows a comparisqn of test reﬂults .an bhe
NACA 16~ 509 aection from tests ‘in. the NACA tank and-.tho
24—1nch high-speed tunnel. The results of tostag.-in the
. w;nd_tunnel a8 given in reforence 3 were coavcorted to an
-t ”..a$90qt ratlo of six for. this comparilson. Theo 4rag.-coef-
. ficlents moasured 1in the tank and glven in roforonce 1
" uz—included strut dnaga;-coneaquently. tho strut tares were
.y doducted from the published velues for the purpose of. mak-
..ing thie comparieson. The data from the present tests were
:or the zero—-dlhedral: hydrofoil at 40 feet per second.

The agreement between the two series of tank ‘tests 18
.- =»good, Agreement between tank and wind-tunnel tests 1ls.
..xeasonably good except for 1lift at high angles of attgck.
.Ono roason for the dlecrepancy. irn the 1ift.curves is un-
..doubtedly the presence of the relatively large struts used
: in the tank testes. The agreement ls, on the whole, good
. enough to support. the belief that for preliminary design
.involving hydrofolls operating at depthe greater .than 4 or
6 chords, and at 1ow gpeeds, wind-tunnel data may be used.

Eefeot of Dihedral
The effect of dihadral 1q shown in figure 16, The

-higheat dihedral angle: usqd. 300, gave tho aighest 1ift
forceg at partial submerslons for a givon emersion of the
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tips. "This result.is undoudbtedly due.to the greater im-
mersed area and the greater average depth:of that area
for a hydrofoll with high dihedral operating at the  same
tip emeraion as e, hydrofoil with low dlhedral. The change
in 11ft. from oompletb immersion to sero immersion 1is more
gradual for the hydrofoil with high dlhedral than-for a

‘bydrofoil with low dihedral. If the 1dea 18 to secure-e

relatively gradual drop in 1ift aw & hydrofoil emerges

"from the water, as in a flying-boat applicmtion, as high

e dlhedral as is conniltont with other roquiromentl appears
dosirabie-

.. In figure 16 the points plotted at gzero 1lift coef~
ficient for each angle of dihedral were not obtmined exper~
iméntally but were obtained by assuming that the 1lift would
be sero when the gquartei-chord point of the center section

‘is at ‘the free surface of the water. It is probadble that

some planing 1lift is obtained from the lower surface at
this location of the hydrofoil but it would be negligible.
A summary of the effects of dihedrel is shown in figure 30,

" Bffeat of 8hape ‘of” Ioac
The effect upon 11ft and drag of eharpening-tho 1end-

ing edge, as’ ehown in figure 21, varies.with speed and .
angle of attack in such a way that nelther asection appearl.

" in general, to be definitely superlor to the other. Con~-

slderably more date were obteined than are ingcluded in-
this report. Those in ‘figurs 31 appear to be typical of
21l the data obtained and a more thorough analysis aof the
offect appears unjustified except for applications some~-

"what more specific than may be asaumed at present.

Thc ‘efféct of sharpening the 1ead1ng sdge upon tho

" volume and trajectory of the spray for partial .submersions

wen not determipned gquantitatively. During repeated obser-
vations of the spray thrown by the two sectlons, no uignif-
iocant differencel appeared. )

Effecﬁ of'Bpeod

The effect of speed on the characteristica of a 16~-509
hydrofoil 4e showh in figures 4 through 15. Two principal
effects of epeed may be noticed: <first, there is 2 limit
to the maximum hydrofoil loading that can be developed at
the higher angles-of attack; and second, a complete loss of
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11ft at low angles of atteck (below 49) may be ,,p,n,n“d
t high speeds with this ggctton, I

- v ." -

‘The limitation on the maximum 1ift Ls .Aa'result of com-

'plete upper-aurface cavitation. - (See fig: '9.) - ‘Phie re-

‘sult-verifies the results .indicated -iu.figure 3(d) of refer-

“ence 1. At the depths used in the testa, this maximum'is

gpproximately 3300 pounda per square foot; that is, | approxi-
mately equal to the Bum of the atmosoheric pressure and the
stetic-pressure head of water ambove.the hydrofoil. (Lower
surface lift may continue t0 increase with speed.)

Losa of 1i1ft at low angles may be due to cavitetlon
on the lower surface, of the hydrofoii. . The speed'mt which
cavitation first appeared on' the lower surface could nbt
- b determined because.the lower surface.could not- be wvewn.
The" presence of’ low-prasaure areas -on the under: surfaca of

« ths- hydrofoll was indicated by faint ltreamers of cavita-

“flen bubblea, which. could be.seen leaving the lower Burface
at ‘the” trail!hg gdge during tests at.liigh speeds and low
..angles of attack. If a 16-509 sectlon hydrofoil 'is umeed

on ‘a high-spedd sirface craft, 1t may be necessary to avoid
the use of angles of attack less than about 4°. This ef-
fect of speed upon the 1lift .at low ‘mangles of attack appeers
more striking when the total 1ift in pounds (for the model)
rather than the lift coefficlent 18 plotted, as in -the

- dasned curve ‘of figure 1l2. If the loss.-of 1lift at high
‘speeds énd low anglqa of attack ip caused lanrgely 'by ecavi-
“tation ‘on theé lower .surface, a sectlon having less camber
than the 16-509 pection may prove ‘.0 be much better for
some- applications. .

‘The biconvex eectionn uaed for struts in the present
tests, while requiring relatively eilmple machining for
manufacture, evidently are not the beet sections for use
'in aupporting hydrofoils below a. seaplane or surfacd boat.
A Petter form svuch as the.15-009 section (symmetrigal,’9
percent thick) deslgned to have a noarly flat pressure die-
tribution at zoro ,1ift wouwld be'better. 4AlBo, the form of
intorsection of strut and hydrofoil-used in the tests may
be improved upon. Observations of the cavitation that ep-
peared during the teste at high speocds and low angles of
attack were of coneidermble interest..ln showing the excee-
sive drag contributed by the strute and by interference.
Cavitatlon firet appeared in the region of ‘interference be-
tween etruts and hydrofoll, next on the struts, and laBtly
on: the hydrofoil itself. :In the.development of an effioient
. agpemdbly of hydrofnil and eupporting struts, obaervations_of



- ':woula be dnsmrqble-

11

--tthe cavitgtion at high speeds nhould prOVG very valuable
- in rapidly .lpcatlng the regions 1n whidh mpdificationo
.:r ] _"

- Y 1_

CONCLUSIONS

nep

The conocluslons listed below aré based oi tests of
an assenbly approximating an arrangement for use under a
seaplane or a surface bdboat.

i. At denthms greater then 4 or b chorda. the influ- -
ence of the surface of the water is small and a hydrofoil
operating at low speeds willl have characteristics similar
to thoee of an alrfoil of the same saction. Preliminary
design estimatea, including estimates of cavitation speeds,
. may be made on this basis. In the range of depths between
about 4 or 5 chords and aporoximately 1/2 chord, 1ift and
drag forcee decrease and cavitation epeeds increase as the
surface is approached. . In .the rpglon of very shallow im~
mersions .(lees than 1/3 chord), sudden changes’ im 1lift are
likely to occur and the exect conditfons under which the
ebrupt changewwill :ocour cannot be safely predicted.

2. Por applications, such a8 a seaplanse, in which the
hydrofoil muet emerge from the water, it appears that large
angles of dihedral (30°) and low angles of attack will be
desirable, as they afford smoother change from complete
submersion to zero submersion.

3. If a sharp leading edge seems desirable for some
reason, no great penelty in 1lift or drag ls necessarlly
pald for a slight modificaetion of a section such as the
16—509-

4. Two major effectas of speed may be noted:

(a) 4 1limitation of total hydrofoil loading
under condltlone of complete upper-
surface cavitation. This limit is ap~
proximately 2300 pounds per square foot

. for deptha tested (26 4n. and less).

(b) Losa of lift ‘on the 16-509 section at high
speeda if low angles of attack (below 4°)
are used, probably due to lower-surface
oavitation. '
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.Bs Additlonal teats would be desiradble to investigate

) the characterlatics of hydrofoila at- higher apeede and

with lower cambers and to investigatae..the effect of modify-
ing the section of the strute and the form of the inter~
section between a hydrofoil and its supporting struts.

Langley Memorial Aeronautical Laboratory,
National Advisory Committee for Aaronautica.
Langley .Field, Va. :
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Fig.2la, - Comparison of test results on nommal and sharp leading edge hydrofoils. 200 dihedral. Depth, 19.5 inches to zm
/4 at tips. ' =1
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